Phylogenetic analysis was used to examine the evolutionary relationships within a group of coxsackie B viruses that contained representatives of the major serotypes of this group and 45 isolates of swine vesicular disease virus (SVDV) from Asia and Europe. Separate analyses of sequence data from two regions of the viral genomes encoding the VP1 and 3BC genes both revealed that the SVDV belonged to a single monophyletic group which could be clearly distinguished from all other sampled coxsackieviruses. Regression analysis revealed that within the SVDV clade at least 80 % of the synonymous variation in evolutionary divergence between isolates was explained by time, indicating the existence of an approximate molecular clock. Calibration of this clock according to synonymous substitutions per year indicated the date of occurrence of a common ancestor for the SVDV clade to be between 1945 and 1965.
Introduction
Swine vesicular disease (SVD) is a highly contagious disease of pigs which was first recorded in Italy in October 1966 (Nardelli et al., 1968) . Subsequent outbreaks have been reported in Hong Kong (1970 Kong ( -1991 , Japan (1973 Japan ( -1975 and Europe (1972 Europe ( -1997 (Knowles & Sellers, 1994 ; Brocchi et al., 1997) . SVD is caused by a virus belonging to the genus Enterovirus within the family Picornaviridae that is antigenically closely related to the human pathogen coxsackievirus B5 (CV-B5 ; Graves, 1973 ; Brown et al., 1973) . The complete genome sequences of three SVD viruses (SVDV) and a CV-B5 isolate have been described (Inoue et al., 1989 (Inoue et al., , 1993 Seechurn et al., 1990 ; Zhang et al., 1993) and the phylogenetic relationship between the two viruses has been confirmed. Zhang et al. (1993) have previously speculated that SVDV may have arisen from human CV-B5 by recombination since the part of the genome that encodes the 3C protease showed a close relationship to the corresponding nucleotide sequence of another human enterovirus, echovirus 9 (EV-9 strain Barty).
In this paper, phylogenetic analysis of SVDV has been carried out on virus isolates from Asia, where SVDV strains have been isolated almost continually since 1970, and from countries in Europe, where no long-term continuous series of stored isolates was available because either the virus was eliminated or virus isolates were not retained. Phylogenetic analysis of the sequences of two separate genes obtained from these isolates together with those from a panel of coxsackie B (CB) and CB-like viruses, was used to show that all sampled SVDV isolates form a single monophyletic group that is clearly distinct from the other CB viruses included in the analysis. This evidence is consistent with the hypothesis that SVDV has most likely arisen from a single transfer of CV-B5 into pigs. This hypothesis of SVDV monophyly is statistically supported using parametric bootstrap methods. SVDV monophyly was exploited to establish and compare rates of nucleotide substitution in these two separate genes ; these rates were then in turn used to estimate the date of the earliest occurrence of SVDV.
Methods
Selection of virus isolates examined. Forty-two SVDV isolates were selected to be representative of viruses isolated throughout the history of the disease (Table 1 ). The panel comprised 25 virus isolates from Asia and 17 from Europe. In addition, three strains that have been sequenced previously were included : one from Europe (UKG\27\72 ; 17\11\75  825  641  Y14481  AJ004604  UKG\27\72R  Staffordshire, UK  11\12\72  --X54521 * YL, Yuen Long ; NT, New Territories. † HKN\8\73 and HKN\1\76 were isolated from the same farm. ‡ HKN\5\77 and HKN\11\81 were isolated from the same farm. § VP1 sequences previously reported by Brocchi et al. (1997) . R Complete genome sequence previously reported by Inoue et al. (1993) , Inoue et al. (1989) and Seechurn et al. (1990) , respectively. , Not done. Seechurn et al., 1990) and two from Japan (H3h76 and J1h73 ; Inoue et al., 1989 Inoue et al., , 1993 . A smaller panel of seven CV-B5 isolates (Table 2) was also put together to serve as a comparison and to widen the phylogenetic context within which the SVDV isolates were analysed. Other virus nucleotide sequences used in the phylogenetic comparisons were obtained from published data (Table 2) .
Nucleotide sequence determination. Two regions of the genomes of SVDV and CV-B5 isolates were sequenced : (1) the region of the genome that encodes the capsid polypeptide VP1 (1D) ; and (2) the region that encodes the non-structural proteins 3B (VPg) and 3C (protease ; 3C pro ). Viruses were grown in flasks of approximately 5i10( IB-RS-2 cells. Total RNA was extracted from infected cells, and firststrand cDNA synthesis was carried out as described previously (Zhang et al., 1993) on 2 µg infected cell RNA using the oligonucleotide GSVD-1 (Table 3) in a final reaction volume of 20 µl. The product was extracted with phenol, precipitated with ethanol and resuspended in 15 µl water. A 5 µl sample was amplified by PCR with Taq polymerase (Boehringer Mannheim) and oligonucleotides (GSVD-3 and NK44 for the VP1 coding region, or GSVD-2 and GSVD-1 for the 3BC coding region) in a reaction volume of 50 µl. PCR and nucleotide sequencing was carried out as described previously (Brocchi et al., 1997) using oligonucleotides described in Table 3 and the fmol sequencing system (Promega).
Phylogenetic analysis. Phylogenetic analysis to determine the relationships between the nucleotide sequences was undertaken using the PHYLIP package (Felsenstein, 1993) . We included only a subset of SVDV isolates in these analyses. Distance matrices were constructed using the Kimura (1980) two-parameter distance transformation. Transition\ transversion ratios were determined directly from the data. Unrooted trees were constructed from distance matrices with the neighbour-joining algorithm of Saitou & Nei (1987) as implemented in the NEIGHBOUR program. The consistency of the phylogenetic signal in the gene trees was examined from 1000 conventional phylogenetic bootstraps of the data-set. Finer scale phylogenies and 50 % bootstrap consensus trees including only SVDV sequences were constructed in the same way from uncorrected distance matrices using a test version of the program PAUP* (v4.0.0d65 ; Swofford, 1998) .
Parametric bootstrap analysis.
In order to investigate the monophyly of the SVDV sequences with respect to sequences of the CB virus and echovirus, distance trees were constructed in the same way as described above, using all available isolates, with transition\transversion ratios determined directly from the enlarged data-sets. The parametric bootstrap test (described fully by Hillis et al., 1996) was conducted assuming the null hypothesis that the SVDV were not monophyletic. The adopted test statistic (δ obs ) was the difference in the length of the best tree, compared to the best tree given the constraint imposed by the null hypothesis. The expected frequency distribution of the test statistic (δ) was constructed from 100 pairs of trees based on 100 data-sets simulated in accordance with the shortest tree consistent with the null hypothesis. (Seechurn et al., 1990) . The simulation algorithm has been described in detail by Rambaut & Grassley (1997) using a model of evolution proposed by Hasegawa et al. (1985) . The lengths of constrained trees were evaluated using PAUP* (v4.0.0d48 ; Swofford, 1998) . If δ obs lies beyond the 95th percentile of the distribution of the expected difference (δ), assuming the null hypothesis to be true, then the null hypothesis may be rejected. Estimation of substitution rates of nucleotide substitution within SVDV. Average rates of synonymous and non-synonymous substitution for both genes were calculated by estimating the numbers of synonymous substitutions per synonymous site, and the numbers of nonsynonymous substitutions per non-synonymous site for each sequence as deduced by comparison with the oldest SVDV sequence (ITL\1\66), and regressing these quantities on the time interval that separates the years of isolation. Numbers of synonymous and non-synonymous substitutions per site were calculated in the manner described by Nei & Gojobori (1986) . Average rates of substitution were then estimated from the slope of this regression, which indicated the rate at which substitutions accumulated with time. Note that this procedure assumes all viruses share a most recent common ancestor with ITL\1\66 ; the value of the intercept is proportional to (in fact equal to twice the value of) the genetic distance back to this common ancestor from ITL\1\66.
Dating the origin of SVDV. The rate of base substitution, date of virus isolation and genetic distance of each virus from the oldest virus isolate were used to estimate the time of occurrence of the ancestor common to all known SVDV. Consider two sequences isolated at time t(i) and t(oldest), which shared a most recent common ancestor back at some unknown time t. If these viruses each evolve independently of each other away from their common ancestor at rate α then the genetic distance between them, d (i, oldest) , is equal to α[t(i)jt(oldest)]k2αt. Solving this equation for t gives :
Selecting ITL\1\66 as the oldest virus left 44 (VP1) and 43 (3BC) different sample sequences for each gene that were each used to estimate a date for the common ancestor.
Location and frequency of nucleotide substitutions. The average numbers of synonymous substitutions per synonymous site and non-synonymous substitutions per non-synonymous site at each codon position along the SVDV VP1 and 3BC genes were estimated by comparing every possible pair of homologous codons [i.e. (44i43)\2 l 946 different comparisons for each codon position] within each of the two data-sets. Average numbers of synonymous and non-synonymous substitutions per site per comparison were calculated in the manner described by Nei & Gojobori (1986) . This form of analysis renders the estimated number of substitutions independent of the phylogeny reconstruction and, because the estimates are per synonymous or nonsynonymous site, they are corrected for biases in the likelihood of either synonymous or non-synonymous substitution arising from codon use.
Results

RT-PCR and sequencing
A panel of 42 SVDV isolates was assembled to be chronologically and geographically representative of isolates held at the World Reference Laboratory for Foot-and-Mouth Disease and a smaller panel of seven CV-B5 isolates was also put together for comparative analysis (Tables 1 and 2 ). Infected cell RNA was prepared from each of these viruses and the virus RNA was amplified by RT-PCR in both the VP1 and 3BC coding regions. The resultant cDNA products were directly sequenced. We estimated that it was unlikely that significant PCR errors accumulated in the amplified population of cDNAs since the proportion of SVDV-specific RNA in the reverse transcription reaction was not limiting. All of the SVDV and CV-B5 isolates yielded PCR products for the 3BC region and all 42 SVDV isolates gave products for the VP1 coding region. However, only four of the six CV-B5 isolates were positive in the VP1 region. This we assign to a lack of cross-reactivity of the primers used in the VP1 region of the genome. Of the CV-B5 isolates used for the first time in this study, only FIN\1603\82 was used in the phylogenetic analysis. One SVDV strain (HKN\3\91) gave ambiguous sequences in the 3BC coding region and so was ignored for the analysis of 3BC. All the other data obtained, and those from previously published work, were used for phylogenetic analysis.
Phylogenetic relationships between SVDV and CB and CB-like viruses
In order to investigate the relationships between the SVDV sequences and the homologous CB virus sequences, unrooted distance trees were constructed (Fig. 1) . These phylogenetic trees included the SVDV sequences, the CV-B5 sequences we have studied here or have previously published, and other related nucleotide sequences obtained from the EMBL nucleotide sequence database (see Table 2 ). Only a sub-set of the SVDV sequences is shown in the trees as these were established to be representative of all the SVDV isolates. The transition\ transversion ratio was estimated to be 3n1 : 1 and 1n3 : 1 for the 3BC and VP1 data-sets, respectively.
Within both the VP1 and 3BC coding regions, the SVDV sequences belong to monophyletic groups. The integrity of these monophyletic groups was supported by 99 % boot strapped samples in the 3BC tree and 100 % bootstrapped samples in the VP1 tree. The maximum genetic divergence within the SVDV sequences was 16 % in the VP1 gene and 12 % in the 3BC gene. The closest CB virus to SVDV in the VP1 tree was a CV-B5 strain (FIN\1603\82) (18 % divergent ; 94 % bootstrap support), and that in the 3BC tree was an echovirus (EV-9 strain Barty) (11 % divergent ; 66 % bootstrap support). Within the VP1 coding region, CB and CB-like viruses grouped by serotype, whereas in the 3BC tree they did not group by serotype.
Phylogenetic relationships of SVDV strains
A finer scale phylogenetic analysis to determine the relationships between the SVDV strains was undertaken by constructing neighbour-joining trees for the VP1 and 3BC genes (Fig. 2) . In the two regions of the genome studied (encoding VP1 and 3BC) the two earliest SVDV isolates (ITL\1\66 and HKN\19\70) are clustered apart from, and almost equally distant from, all the other virus isolates, while the other viruses fell into clusters. The most recently isolated viruses examined fell into two well-differentiated groups, as we have previously described for VP1 (Brocchi et al., 1997 
Parametric bootstrap analyses
Parametric bootstrap analyses (Hillis et al., 1996) were used to test our phylogenetic hypotheses. The null hypothesis was assumed to be that the SVDV sequences are not monophyletic, the alternate hypothesis being that they are monophyletic. This test determines the difference in the lengths of the shortest trees consistent with the null and alternate hypotheses, and then calculates the probability that the data might support the alternate hypothesis, even if the null hypothesis was actually true. In order to reject the null hypothesis with 95 % confidence, we need to demonstrate that the probability that the SVDV appear monophyletic, if in fact they are not, is less then 0n05. The results of the analysis are shown in Fig. 3 . The value of δ obs(VP") was far greater than the largest simulated value of δ and so the null hypothesis can be firmly rejected (P 0n01), whilst δ obs($BC) lies between the 95th and the 96th largest simulated value of δ which permits rejection of the null hypothesis with 95 % confidence. The hypothesis that the SVDV strains all share a common ancestor is statistically supported.
Estimation of substitution rates within SVDV
Rates of synonymous and non-synonymous substitution for both genes were calculated with respect to the oldest SVDV sequence (ITL\1\66). For each isolate, the number of total, synonymous and non-synonymous substitutions per site compared to the oldest isolate was regressed on the time separating the two isolates (Fig. 4) . Rates of nucleotide substitution were then estimated from the slopes of these regressions and are presented in Table 4 . The regression analyses of time of isolation on the degree of synonymous divergence were highly significant (F ",%# l 204n7, P 0n001, r# l 83 % ; and F ",%$ l 237n9, P 0n001, r# l 85 % for 3BC and VP1, respectively). The synonymous, non-synonymous and total rates of substitutions were significantly higher in the VP1 gene compared to the 3BC gene (by factors of 1n5, 2n9 and 1n7, respectively). It was apparent from the analyses that viruses isolated in Italy over the period 1989-1993 appeared to have accumulated nucleotide substitutions at a higher rate in the VP1 region of the genome than did the earlier European strains or the strains isolated in the Far East. These differences are reflected in the genetic distances represented in the phylogenetic trees shown in Fig. 2 . Nucleotide substitution rates calculated excluding the VP1 sequences isolated from Italy between 1989 and 1993 were statistically indistinguishable between the two genes. Such statistical inferences should not be regarded as rigorous because the points on which the regression analyses were conducted were not fully independent, as they share some evolutionary history.
Dating the origin of SVDV
With knowledge of the dates that viruses were isolated, their distances from the oldest sequences and the rate of base substitution, it was possible to deduce the time of occurrence of the ancestor common to all SVDV. There were 43 (in 3BC) or 44 (in VP1) different sample sequences for each gene used to estimate the date of the common ancestor. They do not yield 43 or 44 independent estimates for the date of the root (since the samples from which they derive are all phylogenetically related) but the range of dates forms a usable guide. Three ranges of the date of the root of the trees were made based on the synonymous substitution rates calculated from three datasets : the synonymous substitution rate calculated from all the VP1 sequences ; the synonymous substitution rate calculated from the VP1 sequences excluding the recent Italian isolates ; and the synonymous substitution rate calculated from the 3BC sequences. The estimated dates of divergence of SVDV from their common ancestor varied slightly depending on which data are used in the calculation : for the full VP1 sequence dataset, estimates varied between 1958 and 1965 (mean of 1961) ; when recent European strains were excluded, estimates varied from 1945 to 1959 (mean of 1953) ; and with the full 3BC dataset, estimates varied from 1950 to 1959 (mean of 1955).
Location and frequency of nucleotide substitutions in SVDV
Plots of the distributions of synonymous and nonsynonymous nucleotide substitutions as they are observed along the VP1 and 3BC genes are shown in Figs 5 and 6. The synonymous substitutions appear to occur randomly along the genes, but the non-synonymous substitutions are observed in distinct clusters. Substitution rates are calculated as frequencies per synonymous and per non-synonymous site, according to the method of Nei & Gojobori (1986) , and so are corrected for biases in the likelihood of synonymous and non-synonymous change arising from differential codon usage.
Discussion
Monophyly of SVDV
It has been proposed that SVD was introduced into pigs by interspecies transmission of CV-B5 from man (Graves, 1973 ; Brown et al., 1973) . Nucleotide sequence analysis of CV-B5 (Zhang et al., 1993) and SVDV (Inoue et al., 1989 (Inoue et al., , 1993 Seechurn et al., 1990) confirmed that CV-B5 and SVDV are members of the same virus species ; however, considerable genetic diversity was observed between the two viruses. The work presented in this paper shows that all SVDV from a panel of 45 viruses chosen to be representative of viruses isolated in Europe and Asia between 1966 and 1993 form a single genetic lineage within the CV-B5\SVDV species in both the capsid (VP1) and non-structural (3BC) coding regions.
The sample of SVDV strains is geographically and temporally diverse and, while it is possible that unsampled strains of SVDV exist that would not fall within the identified monophyletic clade, our findings are consistent with a singleorigin hypothesis for SVDV. In the VP1 tree, the closest CB virus to the SVDV clade is a CV-B5 isolate ; in the 3BC tree, it is an echovirus. A comparison of the complete genomes of SVDV, CV-B5 and echoviruses revealed that the close similarity between the 3BC coding region of echoviruses and SVDV is not representative of the rest of the genome (Knowles & McCauley, 1997) . While EV-9 is only 11 % divergent from SVDV in 3BC, they are 50 % divergent in VP1. The CV-B5 virus FIN\1603\82 is 22 % divergent in 3BC and 18 % divergent in VP1. Nonetheless, this analysis raises interesting ambiguities about the origins of SVDV and EV-9 strain Barty ; indeed EV-9 strain Barty may be a recombinant virus.
Nucleotide substitution rate
The observation that SVDV are monophyletic, which is supported by parametric bootstrap analysis, made it possible to estimate the substitution rates observed in the VP1 and 3BC coding regions. For each data-set, three nucleotide substitution rates were calculated : the total number of base changes, the synonymous base changes and the non-synonymous base changes (Table 4) . That over 80 % of variation in synonymous divergence can be accounted for by time in both genes suggests that the use of a molecular clock to describe synonymous evolution over these time-scales and to date common ancestors is legitimate. The absence of any obvious outlier on these regression plots is consistent with the hypothesis that ITL\1\66 and the other viruses in the sample share the same most common ancestor, and confirms that ITL\1\66 is an appropriate isolate with which to outgroup root the SVDV phylogenies. Note that while the statistical inferences are not strictly valid because of the lack of complete independence of virus isolates, there is no reason to suppose that such pseudo-replication biases the rate estimates. When distances were transformed to account for multiple substitutions at the same site higher rates were obtained, but the regression analyses explained slightly less of the variation in divergences so untransformed distances were used. It is not clear why this should be the case ; we can only speculate that the evolutionary models from which these distance transformations are derived are not realistic representations of the evolutionary process which these viruses undergo.
Rates of nucleotide substitution observed in this study of a recently emerged enterovirus can be compared to other estimates of enterovirus mutation rates. Acute haemorrhagic conjunctivitis is a recently emerged enterovirus infection of man that appeared almost simultaneously in West Africa (Chatterjee et al., 1970) and the Far East (Lim & Yin Murphy, 1971) . West African infections were caused by a new virus species, enterovirus 70 (Mirkovic et al., 1973) . VP1 nucleotide sequences from enterovirus 70 have been reported and analysed by Takeda et al. (1994) . Analysis on this data-set gave nucleotide substitutions per site per year in VP1 for the enterovirus 70 data-set of 3n84i10 −$ (total), 21n5i10 −$ (synonymous) and 0n32i10 −$ (non-synonymous). Takeda et al. (1994) pointed out that the observed evolutionary rate of enterovirus 70 was higher than those of several other RNA viruses [the synonymous nucleotide substitution rate was twice that of the influenza virus haemagglutinin (HA) and neuraminidase (NA) genes and the complete genome of human immunodeficiency virus (HIV), and higher than the rates observed in other influenza virus genes and in influenza B viruses]. Acute haemorrhagic conjunctivitis in the Far East was caused by a coxsackievirus A24 variant (CV-A24v ; Mirkovic et al., 1974) and phylogenetic analyses of CV-A24v have been carried out (Ishiko et al., 1992 a, b ; Lin et al., 1991) . From a comparison of nine viruses isolated between 1970 and 1988, the total nucleotide substitution rate was estimated to be 6n6i10 −$ per nucleotide site per year (Lin et al., 1991) , although a lower rate (3n7i10 −$ ) was obtained when three viruses isolated in 1975 were compared with 18 viruses isolated between 1985 and 1989. Our estimates of the synonymous nucleotide substitution rate and total nucleotide substitution rate of SVDV (12n1i10 −$ per synonymous site per year in the complete data-set for VP1, 7n7i10 −$ in the VP1 data-set excluding the viruses from Italy between 1989 and 1993, and 7n85i10 −$ in the 3BC data-set ; and total substitution rates of 3n34i10 −$ for the complete data-set of VP1, 2n21i10 −$ for the VP1 data-set excluding the recent Italian isolates, and 2n02i10 −$ for 3BC) are lower than the rapid rates seen in enterovirus 70 and CV-A24v and have a synonymous substitution rate similar to that estimated in the influenza A virus HA and NA genes (Hayashida et al., 1985) and the entire genome of HIV (Li et al., 1985) .
Dates of divergence
Using the mean of the synonymous nucleotide substitution rates, the dates that the viruses were isolated and their distances from the oldest sequences, a date for the divergence of the SVDV clade could be estimated. From a pairwise comparison of the homologous sequences of each virus isolate with the earliest isolate (ITL\1\66), this date was estimated between 1945 and 1965. The geographical location of this divergence is likely to have been in the Far East since SVDV has been endemic in South China (Hong Kong) (Mowat et al., 1972) and the epidemiological indications are that SVDV have been imported into Europe from the Far East. The date for the divergence of the extant SVDV clade coincides with a time of famine in China which may have resulted in a drastic reduction in the number of swine. A reduced pig population may have produced an evolutionary bottleneck within an existing population of SVDV with the result that only a single clade of SVDV survived. Alternatively our estimated time for the origin of the SVDV clade may have been the date that the first transfer of CV-B5 from man to pigs became established. Our current observations cannot distinguish between these two hypotheses, both are consistent with the genetic homogeneity of the sampled SVDV isolates.
Amino acid sequence variation in VP1 and 3C
pro Phylogenetic analysis of these nucleotide sequences can be extended to examine patterns of change throughout these two genes. Two regions of the SVDV VP1 coding region were found to vary more than others (Fig. 6) : one is at the amino terminus of VP1 (residues 5-11) and the second is residues 126-136. The former site is buried in the crystal structure of poliovirus (Hogle et al., 1985) but is an immunodominant site exposed on the surface of poliovirus in solution (Roivainen et al., 1993 ; Li et al., 1994) . It is part of the amino-terminal region involved in lipid binding (Fricks & Hogle, 1990 ) and in both encapsidation and release of viral RNA (Kirkegaard, 1990) . In this region, amino acid residue 7 shows most substitutions over the history of the virus with Met, Ala, Thr and Val variously replacing the ancestral Ile in probably seven substitution events.
The second site of amino acid sequence variation is located at the equivalent position to part of antigenic Site 1 of poliovirus (Wiegers et al., 1989) and part of NIm-Ib of human rhinovirus (Sherry et al., 1986) , located around the fivefold axis of the virion (Hogle et al., 1985 ; Rossmann et al., 1985) . The clusters of amino acid sequence variation at these two sites is consistent with that seen in other entero-or rhinoviruses. Moreover, substitutions within the B-C loop of polioviruses are associated with receptor specificity and host range (Murray et al., 1988 ; Liao & Racaniello, 1997) . Most variation in SVDV was seen at residues 131 and 136. At position 136, Ala or Thr replaces the ancestral Ser on probably five occasions. At position 131, Ile is replaced by Val or Thr in later isolates also most likely on five occasions. All the CV-B5 viruses examined shared the same amino acid residues at the variable positions 131 and 136 with the earliest viruses of the SVDV clade. The possibility that changes in these residues may have a role in adaptation of virus to the use of porcine receptors deserves examination.
The three-dimensional structure of three picornavirus 3C proteases is known [hepatitis A virus, human rhinovirus 14 and poliovirus 1 (PV-1) ; Allaire et al., 1994 ; Bergmann et al., 1997 ; Matthews et al., 1994 ; Mosimann et al., 1997] and permits a structural interpretation of amino acid substitutions observed in this polypeptide. The three-dimensional structures showed a chymotrypsin-like serine protease fold and two domains linked by a connecting arm. The amino acid sequence variation observed within the SVDV strains studied here was located within the amino-terminal domain of 3C ; none was seen in the carboxy-terminal domain. The major site of variation was observed at residue 95 in the domain-connection arm suggestive of five substitutions involving the conservative amino acids Ala, Thr, and Val. 3C pro also serves to bind virus-specific RNA to form a ribonucleoprotein complex in genome replication. The residues involved in RNA binding are derived from the domain linker, two amphipathic helices (C and D) and several β-hairpin turns bI\cI and dII\e2II (Mosimann et al., 1997) . Variation was seen in this region : at residues 33 (Lys and Arg probably as a result of a single substitution) and 82 (most likely three substitutions of Arg for Lys) of SVDV 3C pro . Residue 82 is part of a solvent-accessible surface in the domain linker and residue 33 is in the bI\cI hairpin turn which makes a stabilizing van der Waals contact with Lys-82 in PV-1, whilst other basic amino acid residues in the same general area as well as several aromatic residues may also be involved in stabilization (Matthews et al., 1994 ; Mosimann et al., 1997) . The very restrictive amino acid sequence variation observed at these residues emphasizes that overall charge is likely to be the major factor of importance in the binding of RNA stem-loops to 3C pro . None of the amino acid residues that are likely to be involved in the catalytic site or the substrate binding site were found to vary in the SVDV isolates examined here.
Epidemiological perspective
Previously, we have shown that two antigenically distinct genetic lineages of SVDV were present in Europe from 1987 to 1994 and were distinct from viruses that were present in the 1970s (Brocchi et al., 1997) . These observations have been confirmed by examination of a different region of the virus genome (3BC) and extended by the inclusion of viruses from Hong Kong and additional viruses from Europe. SVDV occurs sporadically in Europe but is endemic to South East Asia. In Europe, SVDV is a notifiable disease, and there is therefore reason to believe that the dates when these viruses were isolated are indicative of the time that the virus was introduced. Furthermore, the establishment of a relatively steady molecular clock for these two genes suggests that phylogenetic branch lengths can be approximately equated with time. Given these two assumptions, the phylogenetic trees presented in Fig. 2 suggest that SVDV may have been introduced into Europe on a number of occasions. Firstly in Italy in 1966 (ITL\1\66), then in Austria (AUR\1\73), Italy (ITL\2\73) and England (UKG\ 27\72) in 1972, then in western France in 1973 (FRA\1\73) and possibly in Belgium in 1979 (BEL\2\79). We cannot define the source of these introductions ; however, the isolation of SVDV almost continuously in Hong Kong at least between 1970 and 1991 and the clustering of viruses from the Far East on many of the same branches as European viruses suggests that the origin of SVDV may lie in the Far East. This conclusion is consistent with unpublished nucleotide sequence data of more recent viruses from the Far East ; these are related to recent European strains (N. J. Knowles & G. Wilsden, unpublished data) and suggest that the Far East is the main centre for the evolution of SVDV.
Concluding comments
This study uses results from two separate phylogenetic studies both of which emphatically support the hypothesis that SVDV most likely arose from a single common ancestor sometime between 1945 and 1965. CV-B5 viruses are closely related to SVDV in both regions of the genome examined, but in the 3BC region a single echovirus isolate is slightly more closely related than the CV-B5 samples. However, the weight of available evidence is consistent with the hypothesis that SVDV is a recently evolved genetic sub-lineage of CV-B5, which differs in host range and pathology, and we therefore propose that it be considered a subspecies of CV-B5.
